We have found evidence for a bolide impacting Earth in the mid-Devonian (ϳ380 million years ago), including high concentrations of shocked quartz, Ni, Cr, As, V, and Co anomalies; a large negative carbon isotope shift (-9 per mil); and microspherules and microcrysts at Jebel Mech Irdane in the Anti Atlas desert near Rissani, Morocco. This impact is important because it is coincident with a major global extinction event (Kacák/otomari event), suggesting a possible cause-and-effect relation between the impact and the extinction. The result may represent the extinction of as many as 40% of all living marine animal genera.
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Earth has a long history of extraterrestrial impact events, with more than 100 documented impact craters (1), but to date only the Chixculub crater at the Cretaceous-Tertiary (K-T) boundary event has had enough evidence to suggest a cause-and-effect relation between the impact and the mass extinctions that occurred at the K-T. Such cause-andeffect relations in older formations are harder to evaluate because of the difficulty of correlating among widely separated sections and of precisely pinpointing stratigraphic levels where distal ejecta markers, usually only present in very thin stratigraphic horizons, exist in outcrop. While studying Devonian rocks in Morocco, we found a distinctive magnetic susceptibility pattern (2) like that associated with the K-T impact (3) in the well-studied and documented Middle Devonian Eifelian-Givetian (E-G) (4-6) global boundary stratotype [GSSP (7)]. The magnetic susceptibility and biostratigraphic pattern reported here is seen in all other E-G sections that we and others have measured (5, 6) and is clearly global in extent. The impact interval occurs at the point in the E-G boundary section where magnetic susceptibility values begin a period of rapid oscillations. These oscillations start with low magnetic susceptibility values, representing a time of sea-level transgression, then rapidly rise immediately above the impact ejecta level. This rapid rise in magnetic susceptibility associated with the impact is very similar to what we observe for the K-T boundary interval, where we have interpreted the magnetic susceptibility oscillations as resulting from sea-level change and impact-induced erosional effects (3). We examined samples collected from 11 m of section straddling the E-G GSSP boundary interval (4) and from a biostratigraphically well-studied and equivalent section at Bou Tchrafine, located 25 km to the northeast of Jebel Mech Irdane (8) . The boundary intervals in these sections consist of thin, pelagic interbedded shales-marls and nodular limestones. Evidence for an impact ejecta layer is found at the same biostratigraphic level within the GSSP and at Bou Tchrafine and lies at the base of a shale-marl [bed 117 (4)] ϳ0.34 m below the biostratigraphic boundary that represents the base of the Givetian Stage. At the point where the ejecta evidence is first found, magnetic susceptibility values are low but then rise sharply (Fig. 1A) , as predicted by extrapolation from our previous K-T results (3). The biostratigraphic boundary is defined by the first occurrence of the conodont species, Polygnathus hemiansatus, which evolved from a rapidly evolving conodont lineage that survived the Kacák/otomari global extinction event (4) .
Carbon isotope ratios [␦ 13 C (2)] were measured for 36 samples from the 11 m interval of limestones straddling the E-G stratotype. ␦
13 C values for whole-rock carbonates range from -6.5 to ϩ2.4 per mil (‰) PDB (the Pee Dee fossil belemnite standard) and define relatively uniform intervals punctuated by two negative ␦ 13 C spikes (Fig. 1A) . Below -0.6 m, ␦ 13 C values vary narrowly about a mean of ϩ0.7 Ϯ 0.2‰ PDB (n ϭ 5). The first ␦ 13 C spike begins with a shift of -9‰ to -6.5‰ at -0.37 m in the lower portion of the 0.25 m shale-marl at the Kacák/otomari extinction level (Fig. 1A) . The 13 C values measured in E-G marine calcite in nearby basins (9, 10) , suggesting that E-G stratotype samples generally retain typical marine calcite values. The second ␦ 13 C spike represents a total negative shift of ϳ4‰ at 0.0 m, right at the beginning of the Givetian Stage (biostratigraphic level in Fig. 1A) .
In the 11 m of the E-G GSSP measured for this study, the interval between -0.4 and -0.12 m shows enrichment in Ni, Cr, As, V, and Co (2) (Fig. 1B; table S1 ). Such high concentrations of these elements have been shown to be associated with impacts, either derived from the impactor or the target lithologies (3, 11) . The bed in which the impact evidence is found is a gray shale-marl ϳ0.25 m thick, but in the lower portion of the bed, at the point where the geochemical anomalies begin, it has a slightly reddened color and very low magnetic susceptibility. The K-T boundary GSSP in Tunisia (12) is also located in a reddened layer near the base of a thin mudstone bed. In the E-G stratotype there is a second level, at ϳ0.0 m, with a negative ␦ 13 C shift of ϳ4‰. At this level, As is high, but Ni, Cr, V and Co are not. In addition, no shocked quartz or microspherules were found at this level.
We optically examined splits of samples throughout the E-G GSSP and at Bou Tchrafine, and we found 52 quartz grains with planar deformation features (PDFs) (2) (Fig. 2) , microspherules, and microcrysts exhibiting rapid growth lamellae (Fig. 3 , E and F) with primary zoning similar to that shown for K-T boundary samples (3). We have previously argued that such textures are the result of growth of magnetite in a supercooled melt during impacts (3). This ejecta evidence was found only in levels exhibiting elevated Ni, Cr, As, V, and Co and the negative ϳ9‰ ␦ 13 C shift. Careful examination of the beds extending 5 m above and below these levels did not reveal other quartz grains with PDFs or microspherules (Fig. 1A) . Universal stage measurements of PDF orientations (2) for E-G shocked quartz grains show the characteristic pattern (Fig. 2C ) observed for shocked quartz from other impacts (1, 13) . In our study, 16 of 54 quartz PDFs show shocked PDF orientations, but only 2 grains show multiple PDF orientations. Figure S1 gives additional examples of shocked quartz grains from the Ries impact ejecta in Germany, and these are typical of what we see at the E-G GSSP. Figure S2 shows a Ries grain for comparison with a Mech Irdane PDF-bearing shocked quartz grain. Only a few shocked quartz grains from these impacts clearly show multiple PDF sets such as those in Fig. 2 , A and B, and fig. S1C. However, none of the grains with nonshocked PDF orientations show multiple PDF sets (2) .
Microspherules and microcrysts range in size from 10 to 150 m and display a variety of morphologies (Fig. 3) , some with equatorial bulges and "dimpling" that resembles microtektite morphologies. Energy dispersive x-ray spectroscopy (EDS) shows Fe, O, Si, and Al with no detectable S or Cr, results similar to data from K-T boundary microspherules and microcrysts (3) . The E-G boundary microspherules and microcrysts have been altered. Microprobe analyses indicate a hydrated iron oxide mineral, probably goethite, which contains a small amount of alumina (0.9 to 11.4% as Al 2 O 3 , Grain in (B) shows a distinctive isotropic field, suggesting the presence of diaplectic glass, which begins to form when the impact shock wave pressure exceeds 35 GPa (1). (C) Typical pattern for quartz grains from impacts; data measured using a universal stage attached to a petrographic microscope. Shown are data for the 52 quartz grains found that exhibit the 54 PDFs observed. All were found to be associated with the extinction level shown in Fig. 1 . The angle measured is between the pole to the PDF plane and the c axis of the quartz grains. Histograms with this pattern, with dominant angles clustered around 23°(), 32°(), and 48°(), have been shown to be typical for the distribution of angles produced by other impacts (1). The percentage of shocked (16) PDFs to non shocked (38) PDFs is ϳ30%.
using EDS, microprobe work on microspherules noted high concentrations of Ni, As, Cr, V, and Co (Table 1) , which are often associated with impacts and also occur in high concentration in the GSSP bulk samples. In addition, iron is high in microspherules (59.2 to 73.6% as FeO, Table 1 ).
Our data from the Middle Devonian indicate that toward the end of the Eifelian Stage, the measured magnetic susceptibility signal (Fig.  1A) exhibits a typical marine climate-driven cyclicity (14) . In addition, a decrease in magnetic susceptibility ϳ1.5 m below the impact level (Fig. 1A) is consistent with the known marine transgression in the latest Eifelian (15) . The impact evidence is found at the end of this high sea-level stand (Fig. 1A) . The rapid rise in susceptibility values immediately above the impact level is consistent with the introduction of impact-related debris and, possibly, a brief period of enhanced continental erosion that resulted from global impact effects similar to those associated with the K-T boundary impact (3). However, full recovery does not occur until above ϳ2 m in the Givetian, where the magnetic susceptibility signature returns to the "normal" climate cyclicity, similar to that observed before the brief, late Eifelian transgression.
The global Kacák/otomari mass extinction event (4, 16) occurs just before the E-G stage boundary and is coincident with the physical and chemical evidence of a bolide impact reported here. This E-G boundary event may represent the extinction of as many as 40% of all marine animal genera (17) . The evidence is similar to K-T boundary and other impacts, including similar geochemical anomalies, shocked quartz PDF distributions, and microspherule and microcryst morphologies and chemistry. The effects of this latest Eifelian impact may have resulted in the collapse of the marine ecosystem and in the mass extinctions observed. Subsequently, opportunistic survivor species rapidly diversified to fill the vacant ecospace. For the E-G boundary, the first occurrence of the conodont species P. hemiansatus marks the biostratigraphic boundary (solid line in Fig. 1A) , postdates the impact event, and defines the base of the Givetian Stage.
The abrupt onset of the -9‰ shift in the E-G GSSP section points toward an abrupt cause, such as an impact event. A similar shift at the E-G boundary (-8‰) has previously been reported for sections in Australia (18) . Such very large ␦ 13 C spikes probably resulted from a combination of factors such as a collapse of the marine ecosystem (19) combined with gas hydrate release (20) . A decline in primary marine biological productivity would lower carbonate ␦ 13 C (19) but would be insufficient by itself to produce a -9‰ shift (20, 21) . However, if gas hydrates containing methane [Ͻ-60‰ (22)] were buried on continental shelves during the Middle Paleozoic, their release and oxidation could have produced a negative ␦ 13 C shift of 2 to 3‰ (20) . That, in addition to ecosystem collapse, could account for the observed -9‰ ␦ 13 C shift. Two other potential causes can be discarded: The Kacák/otomari interval occurred during a transgression (4, 15) , so regression-driven erosion and oxidation of organic matter [-25‰ (23) ] buried on continental shelves was not a factor. In addition, volcanic CO 2 (-7‰) is not emitted in sufficient volumes to account for such a large ␦ 13 C shift (20) . (3), which we have argued were produced at the time of goethite replacement of an original magnetite or ferromagnesian wustite, with primary zoning from growth of magnetite in a supercooled melt during the impact. The chemistry of these microspherules and microcrysts is essentially identical with microspherules and microcrysts found associated with the K-T boundary impact level in Oman (3). A high-resolution oxygen-isotope record from a thorium-uranium-dated stalagmite from southern Oman reflects variations in the amount of monsoon precipitation for the periods from 10.3 to 2.7 and 1.4 to 0.4 thousand years before the present (ky B.P.). Between 10.3 and 8 ky B.P., decadal to centennial variations in monsoon precipitation are in phase with temperature fluctuations recorded in Greenland ice cores, indicating that early Holocene monsoon intensity is largely controlled by glacial boundary conditions. After ϳ8 ky B.P., monsoon precipitation decreases gradually in response to changing Northern Hemisphere summer solar insolation, with decadal to multidecadal variations in monsoon precipitation being linked to solar activity.
Although lake [e.g. (1-3)] and marine [e.g. (4, 5) ] records uniformly indicate that a major intensification in Indian Ocean monsoon (IOM) occurred at ϳ10 ky B.P., discrepancies exist about the timing and nature of changes in IOM intensity later in the Holocene. Because the IOM plays an important role in the global hydrological and energy cycles, a key question is whether the IOM weakened gradually or abruptly during the middle to late Holocene. Furthermore, because of low temporal resolution and age uncertainties of almost all continental paleomonsoon records, there is little consensus about the timing and causes of centennial-and decadal-scale fluctuations in monsoon precipitation. Previous studies on stalagmites from Oman have shown that oxygen-isotope profiles can provide more detailed information about the timing and causes of IOM variability (6, 7) , but these records cover relatively short time intervals and not the entire Holocene. Here, we present a ␦
18
O monsoon record from a stalagmite from Southern Oman, which continuously covers the time interval from 10.3 to 2.7 ky B.P. and 1.4 to 0.4 ky B.P. with an average time resolution of between 4 and 5 years. The temporal range and resolution allow a precise reconstruction of changes in IOM precipitation and intensity on subdecadal to millennial time scales.
Stalagmite Q5 was collected from Qunf Cave (17°10 N, 54°18 E; 650 m above sea level) in Southern Oman (fig. S1A ). The area is suitable to study the IOM for two reasons. First, Qunf Cave sits at the present northern limit of the summer migration of the intertropical convergence zone (ITCZ) and the associated IOM rainfall belt. Second, more than 90% of total annual precipitation (400 to 500 mm at the cave site) falls during the monsoon months ( July to September), when dense clouds and mists cover the region. Presently, the cloud cover does not rise higher than 1500 m because of a temperature inversion created by the convergence between northwesterly winds and the low-level southwest monsoon winds ( fig. S1A) . As a result, monsoon precipitation occurs as fine drizzle, seldom exceeding more than 5 mm per day (unlike the heavy rains normally associated with strong convectional monsoonal rainfall) (8) .
The time scale of the Q5 record is based on a total of 18 Th-U ages measured with thermal ionization mass spectrometry (TIMS) and multicollector inductively coupled plasma mass spectrometry (MC-ICPMS) (9) (tables S1 and S2; fig. S2 ). Stalagmite Q5 was deposited in two phases from 10.3 to 2.7 ky B.P. (the data are presented on the 14 C absolute age scale where "present" is defined as 1950 A.D.) and from 1.4 to 0.4 ky B.P. (Fig. 1) . The high-resolution ␦
O profile is based on 1405 isotope measurements, sampled every ϳ0.7 mm along the center of the growth axis (10) (Fig. 1) . Other stalagmite-based ␦
O profiles from the same and from a neighboring cave confirm the Q5 record and indicate that sample-and site-specific noise is almost negligible (fig. S3, A and B) .
Study of modern cave drip waters and stalagmites from Qunf Cave demonstrates that Q5 was deposited in or very close to isotopic equilibrium (11) . Furthermore, our previous work on speleothems in Oman shows that speleothem ␦
O values accurately reflect ␦
O values of regional precipitation, and that changes in calcite ␦
O over time primarily reflect changes in the amount of monsoonal precipitation (6, 12) . As mentioned before, in Southern Oman strong convective cloud development is presently prevented by a temperature inversion (13) , whereas the height of this temperature inversion is dynamically linked to the mean latitudinal summer position of the ITCZ and to the southwest monsoon wind pattern over southern Arabia ( fig. S2A) . A more northerly position of the ITCZ lifts the height of the temperature inversion, leading to stronger convective cloud development and higher monsoon precipitation over southern Oman ( fig. S2B ). Owing to the amount effect, ␦
O values become more negative as rainfall increases. Hence, the Q5 ␦
O record can be regarded as a record of the amount of IOM precipitation, where the mean latitudinal summer position of the ITCZ over the Arabian Peninsula plays an important role.
The high-resolution ␦
O profile of stalagmite Q5 shows four distinct features (Fig. 1) . First, a rapid increase in monsoon precipitation between 10.3 and 9.6 ky B.P. is indicated by a sharp decrease in ␦
O from Ϫ0.8 to ϳϪ2‰. Second, an interval of generally high monsoon precipitation is observed between 9.6 and 5.5 ky B.P. with ␦
O values averaging Ϫ2‰. Third, a long-term gradual decrease in monsoon precipitation starting at around 8 ky B.P. is indicated by a slow shift in ␦
O from ϳϪ2.2‰ at 8 ky to ϳϪ0.9‰ (slightly more negative than ␦
O values of modern stalagmites) at 2.7 ky B.P. (Fig.  1) . Fourth, stalagmite deposition stopped at ϳ2.7 ky B.P. and restarted from between 1.4 and ϳ0.4 ky B.P. The ␦
O values of the second growth phase lie within the range of modern stalagmites (Fig. 1) . Superimposed on the long-term trend are distinct decadal and multidecadal secondorder fluctuations in ␦ 18 O (Fig. 1) . In southern Oman the abrupt onset and rapid increase in monsoon precipitation between 10.3
